Introduction
The detection of waves, generated by ions produced in the interaction of Io with the rotating Jovian magnetosphere, was one of the original objectives of the magnetic fields investigation on the Galileo mission [Kivelson et al., 1992] , but the amplitude of the waves detected as Galileo passed Io, reaching 100 nT in amplitude at the SO2 + gyrofrequency, was a surprise [Kivelson et al., 1996] . The mechanism that creates these waves is ion cyclotron resonance in which an electromagnetic wave resonates with a gyrating ion and, depending on the phase of the resonance, either takes energy from the ion or gives energy to it [Huddleston et al., 1997] . If the particle loses energy in this interaction, its motion becomes more aligned with the magnetic field. Thus the pitch angle, the angle between the ion's velocity and the magnetic field direction, decreases. Because the interaction of the corotating torus plasma with the Io atmosphere produces ions only at the largest angles to the field, the ions can only decrease in pitch angle, and the waves grow in this interaction. Thus the particle distributions newly created in the Io torus are generally unstable to the generation of waves. One exception to this statement is that the atomic ions in the background torus, principally S +, S ++, and O +, can damp waves because they have a more evolved, isotropic distribution from which the free energy has been extracted. Thus a source of atomic pickup ions such as S + and O + would have to be strong to overcome the damping at the O + and S + gyrofrequencies by the denser torus plasma. calculate the next spectrum. The time derivative is used in the analysis to enhance the higher frequencies so that the weaker signal levels at these higher frequencies can be readily detected with the color bar. This technique is not necessary for the display of the power spectral density versus frequency shown in the figures. Next we discuss each of the dynamic spectra and show selected plots of the power spectral density versus frequency to illustrate the relative strengths of the peaks seen on each pass.
December 7, 1995
The dynamic spectrum of the waves seen on this first pass by Io is shown in Plate la over the period 1723 to 1743 UT covering the radial range from 0.3 Jovian radii (Rj) outside Io's orbit to Io's wake. We see that the waves are centered close to the gyrofrequency of singly ionized sulfur dioxide ions. 
October 11, 1999
The dynamic spectrum seen almost 4 years later near the end of the GEM mission and illustrated in Plate 1 c is much different than that seen in December 7, 1995. On this pass waves are initially seen at the SO + gyrofrequency, although later on the pass waves also appear at the SO2 + gyrofrequency. 
February 22, 2000
The most recent pass by Io is shown in the dynamic spectrum shown in Plate ld. Clearly seen are waves at the SO2 + and SO + gyrofrequencies and a broad band centered on mass 34 that we interpret as H2 S+. Figure 9 shows the power spectra at the crossing in the XY plane of the I0 trajectory by the I27 trajectory illustrating the spectral difference between the waves seen on this pass, and those seen on the I0 pass and illustrated in Figure 2. The waves appear to be due to SO + and not SO2 +, and their spectral widths are much narrower than on the I0 pass. Figure 10 shows a spectrum further along the trajectory showing three wave bands. Here the frequency of the waves suggests the simultaneous presence of SO2 +, SO +, H2 S+, 37C1+, and 35C1 + ions. There is no peak here at the S + gyrofrequency, but there is a peak between the S + and H2 S+ gyro-frequencies. The second cause of slight frequency shifts is that waves can be convected out of their source regions by the flowing toms plasma. Since the magnetic field strength around Io varies spatially, the waves may not appear precisely at the local gyrofrequency at the moment of detection if they are carried to the spacecraft from a region of higher or lower field strength. Despite these effects offsetting the wave frequencies from the precise value of the local ion gyrofrequency, we expect the observed frequencies to be close enough to the local gyrofrequencies of the source ions that we can use the frequencies of the peaks as a rough ion mass spectrometer. Moreover, the wave powers provide an indication of the strength of each ion source.
The spectra seen on the inbound I0 pass suggest that SO2 + was by far the dominant ion on this pass. Assuming that the power in the waves is directly proportional to the mass loading rate, ions were produced at a rate close to 4 times that of those produced on I24 at the crossing point. The amplitudes of the waves on 124 were similar to those on 125 at the same distance from Io while the waves on 127 appeared to fall off in intensity more rapidly than on the earlier orbits. While this effect could be due to the time variability of the volcanoes producing Io's atmosphere, it is also consistent with variation in the production of ions with local time. This is expected as the dayside of Io varies its location with respect to the flowing plasma. Further evidence for a local time effect on the Io pass is the spectrum seen outbound over the night hemisphere of Io. The spectrum clearly shifts to be centered at the SO + gyrofrequency, and a burst centered at the H2 S+ gyrofrequency is seen.
The spectra on 125 and 124 are much more similar to each other than to the I0 spectrum. Clearly, both SO2 + and SO + are being produced in about equal amounts on these orbits, but it appears that on 124, SO + was dominant and on 125, SO2 + was dominant. SO2 is expected to be the dominant molecule in Io's atmosphere [e.g., Trafion et al., 1996], but Io's volcanoes are also expected to produce SO [Zolotov and Fegley, 1998 ]. We also see on 124 evidence for atomic S + ions, although it is possible that this peak is due to SO2 ++ or 02 + that have the same gyrofrequency. Finally, on I27 we see SO2 +, SO +, and a broad enhancement around the H2 S+ gyrofrequency that includes peaks at the 37C1 + and 35C1 + gyrofrequencies. The wave power is close to that seen on the 124 pass. Chlorine (mass 37 and 35) has been reported in the Io toms [Kuppers and Schneider, 2000] . On one orbit, 124, a sharp sulfur peak is seen, indicating that a strong enough atomic source can overcome the toms damping. In closing, it is clear that the wave spectra seen at Io are very variable. We interpret this variability as due to changes in both the number density and the composition of the exosphere from which the ions are derived. Some of this variability appears to be associated with the varying local time of the ion source region. Other variability may be associated with changes in the types of volcanic activity during the different encounters.
